Striker GE, Praddaude F, Alcazar O, Cousins SW, MarinCastañ o ME. Regulation of angiotensin II receptors and extracellular matrix turnover in human retinal pigment epithelium: role of angiotensin II. Am J Physiol Cell Physiol 295: C1633-C1646, 2008. First published October 15, 2008 doi:10.1152/ajpcell.00092.2008.-The early stage of age-related macular degeneration (AMD) is characterized by the formation of subretinal pigment epithelium (RPE) deposits as a result of the dysregulation in the turnover of extracellular matrix (ECM) molecules. However, the mechanism involved remains unclear. Hypertension (HTN) is an important risk factor for AMD, and angiotensin II (ANG II) is the most important hormone associated with HTN. However, the relevance of ANG II receptors and ANG II effects on RPE have not been investigated yet. Therefore, the expression and regulation of ANG II receptors as well as the ECM turnover were studied in human RPE. ANG II receptors were expressed and upregulated by ANG II in human RPE. This regulation resulted in functional receptor expression, since an increase in intracellular concentration of calcium was observed upon ANG II stimulation. ANG II also increased matrix metalloproteinase (MMP)-2 activity and MMP-14 at the mRNA and protein levels as well as type IV collagen degradation. These ANG II effects were abolished in the presence of the ANG II receptor subtype 1 (AT1) receptor antagonist candesartan. In contrast, ANG II decreased type IV collagen via both AT1 and AT2 receptors, suggesting a synergistic effect of the two receptor subtypes. In conclusion, we have confirmed the presence of ANG II receptors in human RPE and their regulation by ANG II as well as the regulation of ECM molecules via ANG II receptors. Our data support the hypothesis that ANG II may exert biological function in RPE through ANG II receptors and that ANG II may cause dysregulation of molecules that play a major role in the turnover of ECM in RPE basement membrane and Bruch's membrane, suggesting a pathogenic mechanism to explain the link between HTN and AMD. calcium; hypertension; Bruch's membrane EARLY AGE-RELATED MACULAR DEGENERATION (AMD) is one of the most common irreversible causes of severe loss of vision in elderly population (23, 39) . Dysfunction of retinal photoreceptors is the ultimate cause of vision loss. However, the initial pathogenic target of AMD is the retinal pigment epithelium (RPE) and the subjacent extracellular matrix (Bruch's membrane, or BrM) (25). Although age is the major determinant for developing AMD, clinical studies have revealed a number of systemic and environmental risk factors (23, 49, 54) . Among them, hypertension (HTN) is of special relevance (29, 34, 37, 39) . However, the mechanism(s) by which HTN may affect AMD remains unclear. Interestingly, different reports have related that angiotensin II (ANG II), the final product of the renin-angiotensin system (RAS) and the most important hormone associated with HTN, may contribute to chronic diseases (17, 43, 58, 69) .
AMD remains unclear. Interestingly, different reports have related that angiotensin II (ANG II), the final product of the renin-angiotensin system (RAS) and the most important hormone associated with HTN, may contribute to chronic diseases (17, 43, 58, 69) .
Expression and localization of all components of the RAS have been well determined in adult eye tissues including the RPE (8, 62, 71, 75, 41) , where the mediators of the RAS are locally released, conferring on the RPE the ability to modulate this system at tissue level. Furthermore, ANG II levels in the eye are higher than in plasma, indicating that there is a local production of ANG II in the eye (16, 56) . Therefore, even in the absence of HTN, local production of ANG II in the retina is important.
The effects of ANG II are mediated via two receptor subtypes named AT1 and AT2, which belong to a group of seven-transmembrane-domain G protein-coupled receptors and have different functional properties and signal transduction mechanisms (51, 52 ) . ANG II binding to the AT1 receptor activates G protein-coupled phospholipase C and inositol 1,4,5-trisphosphate, which increases intracellular Ca 2ϩ levels (17) . On the other hand, the signaling mechanisms of the AT2 receptor are diverse, and only a few of them have been characterized (17) . Although ANG II receptor expression has been confirmed in the retinal vasculature (22, 63) , retina (5, 62, 75) , and the pigment epithelium-choroid complex (65, 67) , nothing is known about the regulation of ANG II receptor subtype expression and their function in the RPE, which is a cell type of pivotal importance in the progression of AMD (25) .
Among its many actions, ANG II promotes interstitial extracellular matrix (ECM) turnover by regulation of the ECM proteins (12, 20, 33, 66, 70, 73, 74, 77) . For example, ANG II has been shown to stimulate synthesis of fibronectin, collagen, tissue inhibitor of metalloproteinase (TIMP)-2, and matrix metalloproteinase (MMP)-2 in mesangial and proximal tubule cells through activation of transforming growth factor-␤ secretion (62, 27) . ANG II also activates transforming growth factor-␣-mediated MMP-2 release in endothelial cells (3) . In addition, ANG II increases collagen type I and III production via NADPH oxidase complex in cardiac fibroblasts (44) , MMP-14, MMP-2, and MMP-9 expression and activity in MKN-28 cells, arteries, and aorta (24, 70, 74) , as well as TIMP-1 expression and concentration in smooth muscle cells and coronary endothelial cells (33, 76) . The RPE actively contributes to maintain a normal turnover of ECM components. However, the regulatory effects of ANG II on ECM proteins expression in the RPE are unknown.
Numerous biochemical and anatomical changes occur in BrM as part of aging retina in the absence of apparent disease, including collagenous thickening, calcification, and lipid infiltration (25) . However, the accumulation of specific deposits composed by blebbing from the basolateral RPE surface and other debris between the RPE basement membrane and BrM (sub-RPE deposit) is a very prominent histopathological feature of eyes with AMD (9, 25, 35, 79) . In addition, recent studies performed on AMD patient eyes examined by electron microscopy have reported that blebbing from the basolateral RPE surface traversed the RPE basement membrane and deposited in the inner and outer collagenous layers of BrM (61) . However, the mechanism(s) by which these sub-RPE deposits traverse the RPE basement membrane remains unexplored. In this regard, MMP-2 is the most abundant and significant MMP enzyme synthesized by the RPE, and there is evidence that MMP-2 is crucial for degradation of ECM proteins in the RPE basement membrane and BrM (4, 19, 80) . We hypothesize that the progression of the sub-RPE deposits into BrM requires degradation of ECM proteins such as type IV and I collagens and laminin, which are critical components of RPE basement membrane and adjacent BrM (19, 4) , and that ECM turnover upregulation via MMP-2 activation is necessary for the breakdown of these physical barriers. ANG II-mediated regulation of genes that are expressed in RPE and are important for the ECM turnover might contribute to this process and provide a pathogenic mechanism to explain the link between HTN and AMD.
In the present study we aimed at characterizing the expression and function of ANG II receptors in the RPE and at investigating ANG II contribution to the development of early AMD. Our study confirms that both ANG II receptor subtypes were expressed and regulated by ANG II in human RPE and provides evidence that these receptors are functional in this type of cells. Importantly, our results suggest a potential role for ANG II in the regulation of ECM turnover through its receptors and support an unrecognized link among ANG II, ECM turnover, and ANG II receptor activation, which may participate in the pathophysiology of early AMD by dysregulating the ECM turnover in the RPE basement membrane and BrM.
MATERIALS AND METHODS

Compounds and drugs.
Rabbit polyclonal anti-AT1 (N-10) antibody, goat polyclonal anti-AT2 (N-19) antibody, mouse monoclonal anti-cytokeratin-18 (DA-7) antibody, and horseradish peroxidaselinked donkey anti-rabbit or donkey anti-goat antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse monoclonal anti-type IV collagen (M61403) antibody was purchased from Biodesign International (Temecula, CA). Rabbit polyclonal anti-laminin (AB19017) antibody and mouse monoclonal anti-endothelial cell (CD146) antibody were purchased from Chemicon International (Temecula, CA). Goat polyclonal anti-type I collagen (1310-01) antibody was purchased from Southern Biotechnology (Birmingham, AL). A protein quantification kit and agarose were purchased from Bio-Rad (Hercules, CA). PCR Master Mix was purchased from Promega (Madison, WI), and all primers were obtained from the DNA Core Facility, University of Miami (Miami, FL).
The commercial sources of products were otherwise as follows. Gentamicin, phosphate-buffered saline (PBS), laminin, Dulbecco's modified Eagle's medium-Ham's F12 (DMEM/F12), fetal bovine serum (FBS), HEPES, L-glutamine, penicillin/streptomycin, Trisbuffered saline (TBS), and Na 2HCO3 were purchased from Invitrogen-GIBCO (Carlsbad, CA). Methanol was obtained from VWR (West Chester, PA). Collagen type IV from human placenta, ANG II, AT2 receptor antagonist PD123319, ethidium bromide, NaCl, KH 2PO4, CaCl 2, MgSO4, glucose, bovine serum albumin (BSA), EDTA, glycine, SDS, and Tris were purchased from Sigma-Aldrich (St. Louis, MO). The fluorescent calcium indicator fura-2 acetoxymethyl ester (fura-2 AM) was purchased from Molecular Probes (Eugene, OR). AT1-receptor antagonist candesartan (CD) was generously provided by Dr. Raij from the Veterans Administration Medical Center (Miami, FL).
Isolation of human RPE. Human RPE monolayer was isolated from male humans as previously described (45) . Three pairs of male human eyes (59, 67, and 71 yr old) not suitable for transplantation were obtained from Lions Eye Bank (Miami, FL) within 12 h after death. The eyes were rinsed two times with 10% gentamicin. The anterior segment was removed, and the vitreous/retina was separated from the RPE and choroid. The RPE monolayer was dissected free from BrM and then minced into smaller fragments under a dissecting microscope (Leica MZ6; Spectra Services, Ontario, NY). The fragments were transferred into empty individual Eppendorf tubes or into Eppendorf tubes containing 300 l of cold lysis buffer or (1ϫ) PBS. All tissues were stored at Ϫ80°C until mRNA and protein extraction. An aliquot from the isolated RPE was stained with a monoclonal anti-cytokeratin-18 antibody and with a monoclonal anti-endothelial cell (CD146) antibody to ensure that there was no contamination with endothelial cells.
Cell culture conditions. Human ARPE-19 cells were purchased from American Type Culture Collection (Manassas, VA), grown in maintenance medium [DMEM/F12 (1:1 vol/vol) supplemented with 10% FBS, 1 mM L-glutamine, 100 g/ml penicillin/streptomycin, and 0.348% Na2HCO3] in a 5% CO2 humidified air incubator at 37°C. The cells were then subcultured, propagated, and maintained in the same medium. For experiments, cells were seeded at subconfluent density in six-well plates and grown to confluence. All experiments were performed using confluent cells from passages 20 -21. Treatment with angiotensin II alone or in combination with AT1 and AT2 receptor antagonists. Confluent cells were plated at subconfluent density (2 ϫ 10 5 cells or 10 6 cells) in six-well plates or in T-75 (75 cm 2 ) flasks. The cells were grown for 4 days to confluence. At this time, the cells were prepared for the experiment by changing the maintenance medium to the assay medium (maintenance medium without phenol red) for 2 days. This medium was then replaced with assay medium that was supplemented with 1% FBS instead of 10% FBS for 1 day. Subsequently, the medium was changed to the assay medium supplemented with 0.1% FBS. At this time, cells were treated with different concentrations of ANG II for 3, 6, 12, and 24 h. In some experiments, in addition to ANG II, ARPE-19 cells were exposed to 1 and 100 nM CD, an AT1 receptor blocker, 1 and 100 nM PD123319 (PD), an AT2 receptor blocker, and/or a combination of both inhibitors for 30 min before ANG II stimulation. The culture medium was removed, and the cells were washed two times with PBS. After that, fresh assay medium supplemented with 0.1% FBS was added for 24 h. The cell homogenates and supernatants were collected for RNA extraction using a RNeasy mini kit (Qiagen, Valencia, CA) and for protein quantification using a kit from Bio-Rad based on the Bradford method.
Reverse transcriptase-polymerase chain reaction. Total RNA extraction and reverse transcriptase (RT) reaction were performed as described previously (45) . Two microliters of the cDNA solution were used as a template for polymerase chain reaction (PCR). PCR amplifications were performed in a total volume of 50 l, following a standard PCR protocol. AmpliTaq DNA polymerase (Perkin Elmer, Waltham, MA) was used as the thermostable enzyme. The specificity of each reaction was monitored in control reactions, where amplifications were performed on samples after omission of RT. The PCR for ANG II receptor subtypes AT1 and AT2 was performed using specific pairs of primers previously described by Hou et al. (32) and carried out with the following profile: 2 min at 95°C for 1 cycle, 1 min at 95°C and 1 min at 60°C for 35 cycles, and 7 min at 72°C. For the amplification of the human collagen type IV (chain ␣ 1), collagen type I (chain ␣1), and laminin (chain ␣4), primers previously described were used (13, 55, 59) . Collagen type IV (chain ␣1) gene was amplified by a first step of 15 s at 95°C, followed by 1 min at 60°C for 40 cycles, and 7 min at 72°C. For collagen type I (chain ␣ 1), PCR procedure was conducted using 30 amplification cycles (denaturation for 1 min at 94°C, annealing for 1 min at 60°C, and extension for 2 min at 72°C). Amplification of laminin (chain ␣ 4) was carried out with the following profile: 1 min at 60°C for 1 cycle, 15 s at 95°C and 1 min at 60°C for 25 cycles, and 7 min at 72°C. To ensure that similar amounts of cDNA were used for PCR, we assessed samples for expression of GAPDH as a standard housekeeping gene. Amplification of this gene was assessed as described previously (45) . Primer sequences and size of amplicons for each targeted gene are described in Table 1 . PCR products were separated on 2% agarose gels containing 0.05% ethidium bromide. Bands were scanned and quantified by densitometry using ImageJ 1.17 software (National Institutes of Health, Bethesda, MD). The intensity of PCR bands is expressed as relative intensity to GAPDH.
Western blot analysis. Either small dissected pieces from freshly isolated RPE or ARPE-19 cell layers were homogenized in lysis buffer, and then centrifuged at 15,000 g for 30 min at 4°C. Supernatant was collected and protein determined as described earlier. Protein extracts (20 -40 g) were denatured with SDS sample buffer followed by 5 min of boiling and then separated on 8 -12% Tris-glycine gel (Novex, San Diego, CA). After electrophoresis, the proteins were transferred in 1ϫ transfer buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, and 20% methanol, pH 8.4) to a 0.45-m Immobilon-P polyvinyl difluoride membrane (Millipore, Billerica, AL) in a mini-PROTEAN II transfer cell (Bio-Rad) set at a constant voltage of 120 mV for 2 h. Membranes were then blocked in a 5% nonfat dry milk-TBS solution for at least 1 h at room temperature. Blots were incubated overnight at 4°C with one of the following antibodies: rabbit polyclonal anti-AT1 (N-10), goat polyclonal anti-AT2 (N-19), rabbit polyclonal anti-MMP-14, mouse monoclonal anti-type IV collagen (M61403), goat polyclonal anti-type I collagen (1310-01), rabbit polyclonal anti-laminin (AB19017), or mouse monoclonal anti-␣-actin. Membranes were washed three times with TBS, incubated with horseradish peroxidase-linked donkey anti-rabbit, donkey anti-goat, or donkey anti-mouse antibodies for 2 h at room temperature, and then washed four times with TBS. Immunoreactive bands were determined by exposing the nitrocellulose blots to a chemiluminescent solution and exposing to X-Omat AR film (Eastman Kodak, Rochester, NY). Three independent experiments were performed in triplicate.
Zymography. MMP-2 activity was assessed by zymography. Culture medium was collected after treatment and then centrifuged at 13,000 g for 30 min at 4°C. Insoluble material was removed and the supernatant collected. Protein concentration was determined as described earlier, and MMP-2 activity assessed using 10% gelatin zymography gels (Novex) as described previously (47) . Briefly, 10 g of protein extracts from each experimental condition were used. Gels were incubated 18 h in 50 mM Tris buffer, allowing determination of total proteolytic MMP-2 activity with no interference from their associated tissue inhibitors. Densitometry was performed using the Image J 1.17 densitometry program as described earlier. Each zymogram was repeated at least four times. Inhibition of gelatinase activity was assayed by incubating gels with 1 mM EDTA, a metalloproteinase inhibitor (data not shown).
Calcium mobilization induced by angiotensin II. To determine whether ANG II increases intracellular concentration of calcium ([Ca 2ϩ ]i) by activating its specific receptors, we determined [Ca 2ϩ ]i using the fluorescent calcium indicator fura-2 AM as previously described (7, 28) . ARPE-19 cells (10 5 cells/ml) cultured in DMEM/ F-12 containing 10% FBS without phenol red were subcultured on 20 ϫ 7-mm glass coverslips for 24 h. Confluent cell-coated coverslips were rinsed with HEPES buffer (10 mM HEPES, 145 mM NaCl, 2.5 mM KH 2PO4, 1 mM CaCl2, 1 mM MgSO4, and 10 mM glucose, pH 7.4) containing 0.1% BSA before loading with fura-2 AM (1 M in HEPES buffer) for 40 min at 37°C. After two washes with PBS, coverslips were mounted into a spectrofluorimeter perfusion chamber maintained at 37°C and perfused at a rate of 6 ml/min with HEPES buffer equilibrated at 37°C. Fura-2-loaded ARPE-19 cells were alternately excited at 340 and 380 nm every 3 s. Calcium images were first recorded at 3-s intervals for up to 35 min with serum-free medium alone and then with the solutions tested. Fluorescence measurements were made using a Spex Fluorilog spectrofluorometer (Spex Industry, Edison, NY) set for alternative dual-wavelength excitation at 340 and 380 nm. The light emitted at 520 nm was collected by a photomultiplier and passed to a Spex system microcomputer, which averaged the emission collected over a 0.50-s period at each excitation wavelength. Correction for autofluorescence was performed as described previously (26) 
where Kd (224 nM) is the dissociation constant of the complex fura-2-Ca 2ϩ and Rmin, Rmax, and are constant parameters that depend on the optical system used. In our experimental conditions, they were R min ϭ 0.9, Rmax ϭ 18, and ϭ 4. The effects of ANG II on [Ca 2ϩ ]i were determined by calculating the average magnitude of the peak [Ca 2ϩ ]i responses. Real-time quantitative RT-PCR. MMP-2 and MMP-14 mRNA expression were determined using real-time PCR. Total RNA was extracted using the RNeasy mini kit. The primer probe mixture was purchased from Applied Biosystems (Foster City, CA) and used as specified by the manufacturer. For each molecule, 1-3 g of total RNA was used to generate cDNA with a SuperScript III First Strand synthesis kit (Novex-Invitrogen, San Diego, CA). With the use of SYBR green master mix and an ABI Prism 7900HT detection system (Applied Biosystems), cDNA was amplified for 40 cycles of 15 s at 95°C and 60 s at 60°C. Samples were run in triplicate to ensure amplification integrity. The primer-probe sets used were as follows: MMP-14, (forward) 5Ј-TGGTGGCTGTGCATGAGTTG-3Ј and (reverse) 5Ј27-GTGACCCTGACTTGTTCCATA-3Ј; and GAPDH, (forward) 5Ј-TGCACCACCAACTGCTTAG-3Ј and (reverse) 5Ј-GGAT-GCAGGGATGATGTTC-3Ј. The MMP-2 primer-probe set was described previously (46) . Signals for MMP-2 and MMP-14 in each sample were standardized against the GAPDH mRNA signal. As For this study, six-well plates containing thin inserts (1.0 m) of collagen type IV (Becton Dickinson Labware, Bedford, MA) were used. Human collagen type IV was solubilized in sterile 0.02 N acetic acid (2.5 mg/ml; pH 3.0), poured three times into insert plates (50 g/cm 2 each time), and incubated at 37°C. The insert plates were washed with PBS in sterile conditions. An equal amount of medium from ARPE-19 cells treated with ANG II alone or in combination with its receptor blockers was placed on top of cell culture inserts, and plates were incubated at 37°C for 24 h. The medium was discarded, and the inserts were washed three times with PBS. Inserts were washed for 1 h in 2.5% Triton X-100 and incubated for 24 h in 50 mM Tris buffer. The inserts were stained with Coomassie blue, air dried, and mounted, and images were examined under a microscope (Axiophot; Carl Zeiss Meditec, Oberkochen, Germany). Collagen degradation intensity was measured from digital images at ϫ40 magnification (Photoshop 6.0; Adobe Systems, Mountain View, CA) as described previously (47) . Results are expressed as a percentage of the control (medium from untreated cells).
Statistical analyses. Data are expressed as a percentage of control. Results are means Ϯ SE of three to four independent experiments performed in triplicate (as indicated). One-way ANOVA and Dunnett multiple comparison post hoc tests were performed. A Kruskal-Wallis test and post hoc Wilcoxon-Mann-Whitney U-test were used for zymography and Western blot densitometric analysis. P Ͻ 0.05 was considered to be significant. All analyses were performed with Prism 4 software (GraphPad Software, San Diego, CA).
RESULTS
Human RPE expresses both ANG II receptor subtypes.
We first determined whether human RPE expresses ANG II receptors as assessed by RT-PCR and Western blot analysis. As shown in Fig. 1 , we were able to detect both AT1 and AT2 receptor transcripts (shown are representative 255-and 302-bp amplicons of human AT1 and AT2 mRNA; Fig. 1A ) and protein signals at ϳ50 and 55 kDa using AT1 and AT2 antisera, respectively (Fig. 1B ). These findings demonstrate that under basal conditions, human RPE expresses both ANG II receptors.
Regulation of AT1 and AT2 receptors mRNA by ANG II. ANG II has been shown previously to regulate the levels of both ANG II receptor subtypes in nonocular tissues (17) . Presently, we investigated whether ANG II modulates AT1 and AT2 expression in cultured ARPE-19 cells. To determine the range of effectiveness of ANG II, we treated the cells with ANG II (0.01-10 nM) for 24 h and studied the modulation of AT1 and AT2 expression by ANG II. ANG II from 0.1 to 100 nM increased AT1 mRNA levels. The maximal increase was achieved with 1 nM ANG II ϳ1.9-fold (190 Ϯ 11.5%, P Ͻ 0.01). Treatment with 0.1 nM ANG II increased AT1 mRNA levels ϳ1.8-fold (180.35 Ϯ 12.76%, P Ͻ 0.05), whereas 10 and 100 nM ANG II increased mRNA levels ϳ1.7-fold (170.42 Ϯ 9.8%, P Ͻ 0.05, and 174.42 Ϯ 10.1%, P Ͻ 0.05, respectively). However, at concentration of 0.01 nM, there was no difference in AT1 mRNA expression compared with control ( Fig. 2A) .
We also showed that ANG II regulated AT2 mRNA. Minimal changes in AT2 mRNA expression were observed at 0.01 and 0.1 nM ANG II. The AT2 mRNA level increased ϳ1.45-fold (142 Ϯ 20%, P Ͻ 0.05) in the presence of 1 nM ANG II. The maximal increase of AT2 mRNA level was achieved with 10 and 100 nM ANG II ϳ1.75-fold (170 Ϯ 21.2%, P Ͻ 0.01) and 1.8-fold (179 Ϯ 12.8%, P Ͻ 0.01), respectively (Fig. 2B) .
The maximal upregulation of AT1 mRNA by ANG II (1 nM) and AT2 mRNA by ANG II (100 nM) was prevented by pretreatment with the selective AT1 antagonist CD (Fig. 2C) and by the selective AT2 receptor antagonist PD, respectively (Fig. 2D) . Minimal changes in either AT1 or AT2 mRNA expression were observed after pretreatment with CD and PD in combination (data not shown). Thus the levels of AT1 and AT2 mRNA were regulated by ANG II in ARPE-19 cells, and these effects were inhibited by selective AT1 and AT2 antagonists.
ANG ] i was ϳ50 Ϯ 12 nmol under basal conditions (Fig. 3A) . In contrast, ANG II induced a transient rise in [Ca 2ϩ ] i , reaching a transient peak between 4 and 6 min after stimulation, which then declined to a nonsignificant stable level slightly above the baseline by 25 min (Fig. 3B) . The transient peak levels as well as all responses were dose dependent (Fig. 3, D and E) . Pretreatment with the AT1 receptor antagonist CD (Fig. 3C) in the activity of this enzyme, among other factors, are involved and believed to be crucial in the early stages of AMD (19, 46, 78) . ANG II has been shown to regulate MMP-2 in nonocular tissues (20, 24, 33, 73) . We decided to analyze whether ANG II might alter MMP-2 activity and protein expression in RPE cells. ARPE-19 cells were cultured as described in MATERIALS AND METHODS and treated with various concentrations (0.01-100 nM) of ANG II for periods of 3, 6, 12, and 24 h. Conditioned media and cells were then collected and subjected to zymography and/or Western blot analysis. No significant effect of ANG II on MMP-2 activity was observed at any assayed concentration of ANG II for 3, 6, or 12 h (Fig. 4,  A-C) . However, increases in MMP-2 activity of ϳ1.5-fold (157 Ϯ 10.71%, P Ͻ 0.05) and ϳ1.9-fold (198.12 Ϯ 14.28%, P Ͻ 0.01) were seen in cells treated with 10 and 100 nM ANG II, respectively, for 24 h (Fig. 5A) . On the basis of these results, we focused our attention on the 24-h incubation time with ANG II alone or in the presence of AT1 and AT2 receptor antagonists. The MMP-2 activity increase induced by treatment with ANG II (10 and 100 nM) for 24 h was completely abolished by the AT1 receptor antagonist CD and unaffected by the AT2 receptor antagonist PD, as shown in Fig. 5B (data not shown for 10 nM ANG II).
To elucidate whether the increase in active MMP-2 in the supernatant is related to a proportionate increase in cellassociated active MMP-2 protein, we used Western blot analysis and compared the impact of ANG II on secreted pro-MMP-2 protein (72 kDa) and cleaved, active MMP-2 protein (68 kDa). We confirmed that neither cell-associated pro-MMP-2 protein nor active MMP-2 protein appeared to be significantly modified after treatment with ANG II for 24 h (Fig. 6, A-C) . In addition, the ratio of the cell-associated latent pro-MMP-2 to active MMP-2 protein was greater than 2.8 for untreated and treated RPE cells (Fig. 6D) .
Real-time RT-PCR was also performed to determine the impact of ANG II on MMP-2 mRNA expression. Minimal modification in levels of mRNA was observed after ANG II treatment (Table 2) . Together, these data show that ANG II (10 and 100 nM) increased MMP-2 activity via AT1 receptor activation and suggest that this increase occurred without any change in MMP-2 protein or mRNA expression.
ANG II modulates MMP-14 protein and mRNA expression in ARPE-19 cells. MMP-2 is secreted as a partially active proenzyme (72 kDa) that is subsequently processed into an active 68-kDa form, as mentioned above. The regulation of MMP-2 activity is complex with possible loci of regulation being at the level of transcription, translation, or posttranslational processing by formation of a trimer composed by TIMP-2, which binds to MMP-14 before association with pro-MMP-2. Concentrations of both MMP-14 and TIMP-2 are critical for MMP-2 activation (68). To elucidate whether the increase in active MMP-2 in the supernatant is related to a proportionate increase in MMP-14, we cultured and treated ARPE-19 cells with various concentrations of ANG II as described in MATERIALS AND METHODS. After treatment, cells were collected for semiquantitative RT-PCR and Western blot analyses of the endogenous regulator MMP-14. We observed a significant increase in MMP-14 protein expression in ARPE-19 cells exposed to ANG II from 0.01 to 100 nM for 24 h (Fig. 7A) . Treatment with 0.01 and 100 nM ANG II for 24 h induced an approximately twofold increase in MMP-14 protein (0.01 nM ANG II: 213 Ϯ 15.6%, P Ͻ 0.01; 100 nM ANG II: 197 Ϯ 13.1%, P Ͻ 0.01). An ϳ1.70-fold (176.5 Ϯ 5.85%, P Ͻ 0.05) increase in expression of this protein was observed after treatment with 0.1 nM ANG II. In addition, MMP-14 protein levels increased ϳ1.5-fold (150 Ϯ 12.2 and 159 Ϯ 6.2%, P Ͻ 0.05) were observed after incubation with 1 and 10 nM ANG II, respectively (Fig. 7A) .
Our results also showed that the increase in MMP-14 protein observed after incubation with 100 nM ANG II for 24 h (ϳ1.98-fold P Ͻ 0.01) was completely blocked by the AT1 receptor blocker 100 nM CD before the ANG II stimulation (ϳ58.2 Ϯ 1.6% decrease vs. ANG II effect, P Ͻ 0.01). In contrast, this increase in MMP-14 protein expression by 100 nM ANG II was not modified by exposure to the AT2 receptor blocker PD (100 nM) before the ANG II stimulation (Fig. 7B) , confirming AT1 receptor-mediated enhancement of MMP-14 protein expression.
Real-time RT-PCR was also performed to determine the impact of ANG II on MMP-14 mRNA expression. The changes observed in MMP-14 protein expression were accompanied by a significant increase in MMP-14 mRNA expression (Table 2) . Maximal increases of ϳ5.2-fold (611.31 Ϯ 16.3%, P Ͻ 0.001, and 620.5 Ϯ 5.6%, P Ͻ 0.001) in MMP-14 mRNA expression were observed after treatment with 0.01 and 100 nM ANG II, respectively, for 24 h (Table 2 ). In addition, treatment with ANG II (0.1 nM) induced an ϳ4.6-fold increase in MMP-14 mRNA expression (569.7 Ϯ 22.6%, P Ͻ 0.01), whereas an ϳ3.7-fold increase in MMP-14 mRNA expression (486.6 Ϯ 19.7%, P Ͻ 0.01, and 463 Ϯ 8.7%, P Ͻ 0.01) was observed after treatment with 1 and 10 nM ANG II, respectively (Table   2 ). Together, these data suggest that 10 and 100 nM ANG II-induced increases of MMP-2 activity occurred concomitantly with an increase in MMP-14 mRNA.
Regulation of extracellular matrix proteins by ANG II in ARPE-19 cells.
Early pathological events leading to AMD involve an imbalance between synthesis and degradation of ECM molecules present in the RPE basement membrane and adjacent BrM. Collagens type IV and I and laminin are crucial components of RPE basal lamina and adjacent BrM (4, 19) . In addition, these ECM molecules are recognized as a substrate and cleaved by MMP-2. Therefore, we decided to investigate the potential effects of ANG II on these molecules.
ARPE-19 cells were cultured and treated with different doses of ANG II for 3, 6, 12, and 24 h or only for 24 h as described in MATERIALS AND METHODS. After treatment, cells were collected for RT-PCR and Western blot analysis.
RT-PCR analysis of collagen type IV (chain ␣ 1 ) revealed no changes in transcription at any assayed concentration of ANG II for 3, 6, or 12 h (Fig. 8, A-C) . However, a significant decrease in transcription was revealed when cells were incubated with increasing concentrations of ANG II (0.1-100 nM) for 24 h (Fig. 9A) . A decrease of nearly 30% (32.6 Ϯ 14%, P Ͻ 0.05, and 30.8 Ϯ 8.7%, P Ͻ 0.05) was detected with 0.1 and 1 nM ANG II, respectively, and nearly 40% (41.6 Ϯ 4.53%, P Ͻ 0.05) after treatment with 10 nM ANG II (Fig. 9A) . The maximal decrease of ϳ45% (46.3 Ϯ 6.7%, P Ͻ 0.01) was achieved with 100 nM ANG II. Our results also revealed a significant decrease in the level of type I collagen chain ␣ 1 transcripts when cells were incubated with 100 nM ANG II (Fig. 9B) .
Protein analysis of type IV collagen in the cell lysates by Western blotting showed two bands in the upper molecular mass range of ϳ185 and 170 kDa for collagen IV, probably corresponding to different combinations of ␣ 1 (IV) and ␣ 2 (IV) chains (Fig. 9C ), which were only regulated by 100 nM ANG II. These immunoblottings revealed a clear diminution of type IV after 24 h of treatment with 100 nM ANG II. In contrast, protein analysis of type I collagen showed a single band of ϳ190 kDa (Fig. 9D) , which was not regulated by ANG II treatment.
Treatment of cells with 100 nM ANG II in the presence of AT1 and AT2 receptor antagonists alone or in combination (Fig. 9C) confirmed that a decrease in type IV collagen of ϳ1.4-fold was seen in cells treated with an alternate method of the AT2 receptor stimulation, namely, a combination of ANG II and CD. Stimulation of the AT1 receptors alone, with a combination of ANG II and PD, caused a 1.5-fold decrease in type IV collagen protein. The stimulation of both receptors with ANG II in the absence of antagonists caused an ϳ1.6-fold decrease in type IV collagen protein. Interestingly, the action of ANG II was totally inhibited by combination of both inhibitors (Fig. 9C) , suggesting a synergistic effect of the two receptor subtypes on collagen IV protein in cell lysates.
RT-PCR and Western blot analysis for laminin confirmed that neither transcriptional nor protein expression of laminin appeared to be significantly modified after treatment with various concentrations of ANG II for 24 h (data not shown).
Regulation of extracellular matrix turnover by angiotensin II. To elucidate whether the increase in active MMP-2 in the supernatant after treatment with 100 nM ANG II for 24 h is correlated with an increase in degradation of collagen IV, we incubated collagen IV matrix inserts for 24 h with medium from ARPE-19 cells treated with ANG II (100 nM) alone or in combination with the ANG II receptor blockers for 24 h.
Collagen IV degradation increased by ϳ65% (ϳ65.8 Ϯ 2.7% decrease, P Ͻ 0.05) after treatment with medium of ARPE-19 cells treated with 100 nM ANG II for 24 h (Fig. 10E) . This effect was significantly inhibited by the AT1 receptor antagonist CD (ϳ43.3 Ϯ 3.2% decrease, P Ͻ 0.05 vs. ANG II effect) and unaffected by the AT2 receptor antagonist PD, as shown in Fig. 9D . These results suggest that ANG II via AT1 receptor might degrade collagen IV through modifications of MMP-2 activity in ARPE-19 cells. 
DISCUSSION
Early AMD is characterized by the accumulation of specific deposits between the RPE basement membrane and BrM (1). To date, little is known about the mechanisms underlying early AMD pathogenesis, and dysregulation of the ECM turnover is believed to be a critical factor (19, 23) . This pathology is of multifactorial nature involving factors other than age (23, 52, 54) . In particular, HTN constitutes a risk factor for AMD (29, 36, 38, 40) . However, the mechanism(s) associating the HTN with AMD remains unexplored. Interestingly, the localization of ANG II and its receptors in eye (16, 56, 65, 67) has opened the possibility for a prominent pathological role of ANG II such as some studies have demonstrated in other tissues (12, 20, 33, 66, 77) . Our study demonstrated the presence of both ANG II receptor subtypes in human RPE and their transcriptional regulation by ANG II in ARPE-19 cells. In addition, we showed that ANG II has the ability to alter the normal RPE physiology, leading to degradation of collagen and potentially favoring dysregulation of the ECM turnover.
A previous report exploring the localization of the ANG II receptors AT1 and AT2 in the whole human retina used immunohistochemistry to show expression of the ANG II receptors in the pigment epithelium-choroidal complex (67) . Our study utilized molecular biology techniques directly applied on isolated human RPE cells. Using this approach, we were able to confirm that the ANG II receptors are expressed in RPE cells as both mRNA and protein. However, the relative expression level of these receptors in the RPE remains to be elucidated.
Based on the fact that ANG II receptors AT1 and AT2 confer to ANG II an active physiological role, regulation of these receptors becomes essential in determining ANG II action. Investigating the regulation of these receptors expression may help to better understand how they participate in either physiological or pathological events.
Because concentration of ANG II in blood and eye can vary over a relatively large range, tissue differences in the dose dependence of ANG II effect must be considered. In this study, we found that in the complete absence of ANG II or in the presence of 0.01 nM ANG II, ARPE-19 cells expressed very low levels of both ANG II receptor subtypes. Treatment with 0.1 nM ANG II increased the expression of AT1 receptor but did not modify the AT2 receptor expression. In contrast, higher ANG II concentrations (from 1 to 100 nM) increased the expression of both ANG II receptor subtypes, but in a different manner: AT2 receptor was upregulated in a dose-dependent manner, whereas AT1 reached a plateau. These effects were ANG II receptor mediated, given that ANG II receptor antagonists CD and PD completely abolished the effects of ANG II on the transcriptional regulation of AT1 and AT2 receptors, respectively. This view is further supported by abundant evidence that ANG II/ANG II receptors are involved in pathological events in other tissues (3, 33, 62, 76) .
Once we verified that ANG II receptors were expressed in human RPE and regulated at the transcriptional level by ANG II in ARPE-19 cells, we aimed at evaluating whether these receptors were functional in this type of cells. In this regard, it was reported that a characteristic intracellular consequence of activating these receptors is an increase in the levels of intracellular calcium (30, 50) . Our data show that stimulation of the AT1 receptor by ANG II is transduced into an intracellular signal, in particular an increase in the levels of intracellular calcium. This result constitutes clear evidence that the AT1 receptor expressed in human ARPE-19 is functionally active and might be efficiently coupled to the phospholipase C (PLC) transduction pathway. Compared with these results, stimulation of the AT2 receptor by ANG II was not accompanied by mobilization of intracellular calcium. These data suggest differences in AT2 receptor coupling in ARPE-19 cells. AT2 receptor could be specifically coupled to the cytosolic phospholipase A 2 (cPLA 2 ), as has been shown recently in renal mesangial and proximal tubular epithelium cells, and not to the PLC pathway (15) . Therefore, selective up-or downregulation of only AT2 receptor transduction pathway remains a possibility to be investigated.
The RPE is a central element in the pathogenesis of AMD. Dysfunctional RPE cells may alter the normal turnover of the ECM components modifying the sub-RPE deposit formation as well as the RPE basement membrane and BrM degradation, all of which lie at the origin of the early AMD (1, 42, 78) . Although the cellular mechanism(s) for dysregulation of ECM turnover in AMD remains unknown, evidence suggests that MMPs and their tissue inhibitors may play an important role (42, 47, 36, 57) . In this regard, we and others have shown that RPE synthesizes MMPs, especially MMP-2 and MMP-14, and that MMP-2 synthesis, release, and activity can be regulated by physiological stimuli. Our study showed that ANG II increased MMP-2 activity and that the AT1 blocker CD abolished the ANG II effect on MMP-2 activity, indicating that ANG II, via AT1 receptor, could induce matrix turnover by enhancing the release activity of MMP-2. We did not find a direct relationship between MMP-2 enzymatic activity and protein. In addition, the ratio of secreted pro-MMP-2 protein to cleaved, active MMP-2 was greater than 2.8 for untreated and treated ARPE-19 cells, suggesting that MMP-2 regulation occurs by gene transcription, translational regulation, and posttranslational activation of proenzymes.
The activation of MMP-2 (cleavage of the pro-form) involves the formation of a trimer composed of TIMP-2 binding to MMP-14 before association with pro-MMP-2. Given that pro-MMP-2 activation occurs only at low TIMP-2 concentrations relative to MMP-14, which permits availability of active MMP-14 to activate the pro-MMP-2 bound in the ternary complex (31), our study sought to explore whether ANG II might influence MMP-14 regulation. In agreement with previous observations in abdominal aortas (20), we detected an (A, B, and D) or in the presence of ANG II (100 nM) alone or in combination with the AT1 receptor blocker, the AT2 receptor blocker, or the combination of both blockers for 24 h (C) in ARPE-19 cells. Top, agarose gel or Western blot from a representative experiment; numbers at left and right represent the molecular size of PCR product or the protein molecular mass in kDa. Bottom, average results of 3 independent experiments. Collagen IV (chain ␣1) and collagen I (chain ␣1) mRNA expression was normalized to GAPDH and protein expression to ␣-actin. Results are means Ϯ SE. *P Ͻ 0.05; **P Ͻ 0.01 vs. control. increase in MMP-14 at the mRNA and protein levels. In addition, this effect was abolished by an AT1 blocker. It is interesting to note that ANG II-induced MMP-14 is only correlated with MMP-2 activity at elevated levels of ANG II. However, surprisingly, there was no direct correlation between MMP-14 protein expression and MMP-2 activity at lower doses of ANG II. It is possible that an increase in TIMP-2 may occur when cells are treated with lower doses of ANG II and that excess of TIMP-2 relative to MMP-14 may eventually block all active MMP-14, therefore inhibiting proteolysis of pro-MMP-2 to active MMP-2. Whether an increase in TIMP-2 results from activation by low levels of ANG II deserves further investigation.
Our work also sought to analyze whether ANG II might influence the normal balance in ECM turnover by affecting the synthesis and/or degradation of collagens and laminin, crucial components of the RPE basement membrane and BrM. Our study showed a significant decrease in collagen type IV mRNA after exposure to physiological doses of ANG II and a significant decrease in collagen type IV protein levels via AT1 and AT2 receptors after exposure to 100 nM ANG II, suggesting a synergistic effect of the two receptor subtypes on collagen type IV degradation in these cells. This outcome contrasts with observations on other tissues where the ANG II induced increase in collagen type IV (14, 60) . This disparity suggests that some of the effects induced by ANG II may be specific to the particular type of cell targeted. Nonetheless, our study challenged the RPE cells with ANG II for 3, 6, 12, and 24 h, and we cannot rule out the possibility that longer exposition times might induce an increase in collagen type IV. In addition, our results clearly demonstrated a significant decrease in collagen type I mRNA levels without change in the protein expression after treatment with 100 nM ANG II for 24 h. This effect on collagen I protein might be due to the half-life of collagen I in ARPE-19 cells. Treatment longer than 24 h may be necessary to evidence an effect on the regulation at the transcriptional level. Unlike collagen types I and IV, the other major component investigated, laminin, remained unaffected after ANG II stimulation of RPE cells. Interestingly, this work also demonstrated for the first time that ANG II-induced MMP-2 activity is correlated not only with increased MMP-14 but also with type IV collagen degradation. Experiments in vivo in aged hypertensive mice using infusion of ANG II in osmotic minipumps need to be performed to correlate our in vitro findings in the current study.
In previous works by our laboratory we hypothesized that the RPE is the key target cell in deposit formation. Especially, we have demonstrated that RPE cells that are repeatedly exposed to oxidant stress showed blebbing of the cell membrane material as well as ECM turnover dysregulation (46, 47) . In addition, mice exposed to oxidant stimulus showed sub-RPE deposits with blebs within the BrM (47) . Based on these observations and our data from this study, we speculate that sub-RPE deposits formed in response to the oxidative injury might need an additional injury for these deposits to traverse the RPE basement membrane. In this regard, ANG II might be this second injury. Therefore, in vivo studies with an oxidant stimulus followed by exposure to ANG II remain a possibility to be investigated.
Together, these data provide evidence that ECM turnover increases in ARPE-19 cells after 24-h exposure to elevated eye levels of ANG II. In addition, it may help to explain, at least in part, the breakdown of RPE basement membrane that would allow the migration of sub-RPE through the BrM in AMD. In addition, ANG II might potentially contribute to diminish the formation of sub-RPE deposits. Interestingly, our study shows that ANG II receptor blockers may prevent these changes and suggests the possibility of ANG II as a therapeutical target in AMD.
